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Abstract
We describe the effect of light-induced annealing of As2S3 thin films and its impact on the performance of an optical
waveguide. An as-deposited film was subjected to illumination with band-edge light before being used to fabricate sub-
micron thick waveguides using photolithography and dry plasma etching. Studies of the film microstructure revealed a 
difference between the atomic bonds and linked phases between the as-deposited, the thermally-annealed, and the
optically-annealed films. Although optical-annealing evolves the structure of the film in a similar way to thermal
annealing (i.e., it causes polymerization of the glass network), it can drive the film much closer to bulk state in terms of 
refractive index and the numbers of wrong bonds. The waveguides showed, however, almost the same propagation losses
to those from thermally-annealed material. Nonetheless our results indicate that optical-annealing provides some 
advantages over thermal annealing for waveguide fabrication.
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1. Introduction  
Photonic integrated circuits capable of processing optical data streams entirely in the optical domain are 
important devices for future telecommunications networks since they can address the growing demand for 
network flexibility, reduce costs, improve energy efficiency, and allow increased bandwidth. Recently, 
chalcogenide glass (ChG) waveguides have been widely demonstrated as planar nonlinear optical (NLO) 
devices for this purpose [ l., 2008]. It is well known that these glasses exhibit 
photosensitivity or photo-induced structural change when illuminated with sub-bandgap [Meneghini et al., 
1998] as well as near-bandgap light. Although the physics behind the phenomenon is still in a subject of 
debate, it has been exploited to directly write optical waveguides and gratings into thin ChG films [Meneghini 
et al., 1998 and Baker et al., 2006].  
The high nonlinear response of ChGs has led to demonstrations of all-optical signal processing utilizing 
processes such as self phase modulation [ ], cross phase modulation [
Lamont et al., 2007], and four wave mixing [Pelusi et al., 2007]. In each case the strength of the nonlinear 
response is proportional to the product of the launch power, the nonlinear parameter, ( 2 eff), and 
the effective guide length, Leff = [1-exp(- L)]/  where  is the loss coefficient of the structure. Since the Leff 
drops with increasing , the loss ultimately determines the performance of a nonlinear waveguide. A small 
mode area (Aeff) is desirable to boost the light intensity in the device, however, this normally leads to 
increased light scattering from the core/cladding interfaces owing to strong interaction of the light with these 
side-walls. In addition the waveguide material itself can be a source of optical attenuation through absorption 
and scattering.  
As-deposited As2S3 films produced by thermal evaporation are known to contain large numbers of homo-
polar and dangling bonds as well as voids, and sub-phases compared with bulk glasses produced by melt-
quenching [Georgiev et al., 2003]. Such inhomogeneities can result in enhanced levels of Rayleigh (volume) 
scattering as well as increased absorption associated with the existence of tail states within the band gap. In 
this context several publications [e.g., De Neufville et al., 1973/74] have shown that thermal annealing of an 
as-deposited As2S3 film can cause the chemical bonds to relax towards those of the bulk glass, reducing the 
numbers of defective bonds in the glass network and hence reducing some of the sources of optical 
attenuation. Hence, it is important to identify methods for processing As2S3 films that reduce these defective 
bonds to the minimum to obtain the lowest waveguide losses. 
We recently reported an optimized thermal annealing process for As2S3 films for waveguide fabrication, 
demonstrating a reduction in the propagation loss by comparing waveguides produced from as-deposited and 
thermally annealed films [Choi et al., 2010]. These studies also demonstrated that the annealing temperature 
 130 °C because at higher temperatures the films roughened on the 
nanometer scale which would markedly increase the surface scattering. As a consequence even when using 
long annealing times (> 24 hours) the refractive index of the film remained significantly lower than that of the 
 2.39 compared wi  2.43 at 1550 nm) raising the question as to whether absorption due to tail 
states due to defective bonds in the glass network still contributed to the losses. Furthermore, if much longer 
annealing times (weeks) were used, necessary to push the glass further towards the bulk state, the films 
generally cracked when using wafer sized samples making them useless for device fabrication. 
Since it proved difficult to improve the films by thermal annealing, we, therefore, decided to study the 
effects of optical-annealing of As2S3 films using incoherent green light which we had found could achieve 
index values very close to that of the bulk but allowed cracking or deterioration of the film surfaces to be 
avoided. An issue however, is the fact that optical illumination causes the material to be photo-darkened even 
for bulk glasses and this may increase in the numbers of defective bonds. Hence, we needed to assess the 
impact of optical annealing on the optical propagation losses in our waveguides.  
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It is well established that optical annealing with band edge light results in a red-shift in the optical gap in 
As2S3 [De Neufville et al., 1973/74]. In order to quantify the effects of annealing on our thermally deposited 
films, we measured their index, thickness and band-gap using a SCI Filmtek 4000 dual angle spectroscopic 
reflectometer as the films were progressively annealed by both optical illumination and by thermal treatment. 
We used a Tauc-Lorenz model to fit the reflection data from the Filmtek 4000 since it is known to provide a 
good model of the index dispersion in amorphous semiconductors.  By examining the repeatability of the fit 
parameters in the model from several measurements taken over a small area of a film, we estimated that the 
uncertainty in the index, film thickness and bandgap was less than 0.1 %.   
We used these measurements to compare the effects of optical annealing for progressively longer times 
with thermal annealing for 64 hours at progressively high temperatures, and supplemented this with 
measurements on samples that had undergone cycles of thermal followed by optical annealing and vice versa.  
For the samples specifically used for waveguide fabrication, we also monitored changes in the 
microstructure using X-ray photoelectron spectroscopy (XPS), X-ray diffraction and Raman spectroscopy. 
We found from these data that optical annealing is an effective way of evolving an as-deposited film towards 
the state of the bulk glass. However, waveguides fabricated from optically annealed material showed similar 
losses to those from films thermally-annealed, which indicates that scattering of the etched side-walls remains 
the most dominant process limiting the loss rather than any absorption due to tail states.  
2. Annealing studies 
 0.85 an  2.5 μm thick of As2S3 were thermally-evaporated onto oxidized silicon wafers in a 
vacuum chamber at a base pressure of 10-7 torr. A complete description of our procedure for thermal 
evaporation of the films can be found elsewhere [Bulla et al., 2009].  
20 mm × 20 mm for annealing studies whilst the thin film was used for waveguide fabrication.  
The source used for optical annealing consisted of an array of Tungsten halogen lamps whose emission 
was filtered using green band-pass gel filter (G28 from Lee Filters) to produce a spectrum extending from 
500-570 nm which overlapped with the bandgap of the film. The intensity of the illumination was 2-3 
mW/cm2 was uniform over a full 100 mm diameter wafer. Prior to the light exposure a 125 nm thick layer of 
SU-8 (SU-8 2 from MicroChem Corp.) was spin-coated and UV-cured onto the As2S3 film to prevent As2O3 
crystallites forming on the surface as a result of illumination. For comparison a set of uncoated 2.5 μm thick 
samples were subjected to annealing in a vacuum oven for 64 hours at different temperatures.  
To further study the properties of our annealed films we used a range of additional diagnostics. The first 
sharp diffraction peak (FSDP) of the films was checked by x-ray diffraction (XRD) using a PANanalytical 
X Pert PRO MRD -scan. X-ray photoelectron spectroscopy (XPS) was used to 
study the chemical bonding of arsenic and sulphur atoms in the As2S3 film surface. Samples were analysed 
using an EscaLab 220-IXL under a vacuum of ~10-10 -
eV) with power of 250 Watts was used for the analysis. The short-range bonding character was also probed by 
micro-Raman spectroscopy (Renishaw 2000 Raman microscope) in a backscattering geometry at room 
temperature. To minimize the photo-induced structural changes during the measurement, samples were 
excited with 785 nm light at intensity below 1 W/cm2 on the surface. Because of the wide range of annealing 
conditions that had been used we confined these studies to four materials: bulk As2S3 glass; as-deposited 
films; films annealed at 130 °C for 24 hours; and a film light-annealed at 576 J/cm2. These last two 
representing the processing applied to films used for waveguide fabrication. 
The evolution of the refractive index of the film at 1550 nm of both optical and thermal annealing was 
measured using the SCI Filmtek 4000 and the results are summarised in Fig. 1. For optical annealing Fig. 1-
(a) shows the evolution of the refractive index and the bandgap as a function of fluence with fits to a stretched 
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exponential function, whilst Fig. 1(b) shows the corresponding change in film thickness. Fig. 1(c) and 1(d) 
shows similar data for thermal annealing at different temperatures. 
It is apparent from these data that the trends for both annealing procedures are similar. As annealing proceeds 
 2.3 for the as-deposited films towards the value for bulk As2S3 which according to 
the Sellmeier Equation from [Rodney et al., 1958] is 2.4373 at 1550 nm. At the same time the bandgap 
decreases and the films shrink by 1-2 %. The main difference between Fig. 1(a) and 1(c) is that the bandgap 
for the optically illuminated samples is always smaller by as much as 0.02 eV compared with that for the 
thermally annealed samples.  This is expected from previous studies of photo-darkening which always report 
a red-shift in the bandgap as a result of illumination [De Neufville et al., 1973/74]. Comparison of Fig. 1(b) 
and 1(d) show that the thermally processed films shrink more than those optically illuminated where a small 
expansion for fluences initially occurs for fluences around 10 J/cm2 before the onset of contraction. Finally 
when annealed at 180 °C there is an abrupt increase in thickness and reduction in bandgap of thermally 
annealed films. As reported previously, roughening (at the nm level) of the film surface was observed at 
temperatures above about 150 °C that indicated that the films were starting to degrade, and this threshold 
seems to be reflected in expansion of the films and the corresponding change in bandgap.  
 
 
 
Fig. 1. (a) Evolution of refractive index and bandgap energy as a function of fluence for optical annealing with green light; (b) change in 
thickess of film during optical annealing; (c) evolution of refractive index and bandgap for films thermally annealed for 64 hours at 
increasing temperatures; (d) change in thickness of film during thermal annealing. 
Fig. 2 clarifies these differences and plots the bandgap and thickness data in a different form using the 
refractive index as the abscissa. It is apparent that the thermally annealed films have a larger bandgap and a 
higher density compared with those that were optically annealed. This is consistent with the general relation 
for the dielectric function of a covalently bonded crystal which can be written in the form 
2
0
2- 2 0 represents the position of the UV resonance (in the Tauc-Lorenz model a 
0) and N is density of the valence electrons 
(proportional to the material density). Thus a red-shift in the bandgap must be compensated by a drop in 
density if the dielectric constant is to remain unchanged which is consistent with the data of Fig. 2. 
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For completion we studied the effect of alternating cycles of thermal and optical annealing on the films 
starting at the points highlighted with the solid symbols in Fig. 2. These underwent several cycles of 
successive optical and thermal annealing at 140°C lasting 64 hours in each case. The film that had been 
originally thermally annealed for 64 hours was subjected to optical annealing, whilst that which had originally 
been optically annealed was subjected to thermal annealing. Following measurement, the annealing was 
repeated alternating thermal and optical processes for a further two cycles. 
Fig. 2. Variation of bandgap and thickness of optically (red markers) and thermally (blue markers) annealed films as a function of the 
film index. Dotted curves represent the bandgap and solid the thickness change.  
The results are plotted in Fig. 3 that shows that the additional annealing always resulted in a steady 
increase in index. However optical illumination always causes the bandgap to be red-shifted but this could be 
reversed by a subsequent cycle of thermal annealing. As the index increased the films continue to compact 
although there is some residual modulation in the thickness that suggests that an optical annealing cycle 
causes a small decrease and a thermal annealing cycle a small increase in density. After a total of four cycles 
comprising either light-heat-light-heat or heat-light-heat-light, the index values of both films were the same to 
within about 0.1 % as was their thickness, although the bandgap was different by up to 1 % depending on 
whether the last annealing cycle used light or heat.   
 
Fig. 3. Variation of bandgap and film thickness for films subjected to four successive cycles of thermal followed by optical, or optical 
followed by thermal annealing. Dotted curves represent bandgap values and solid curves the change in film thickness. Red lines are for 
material where the first process was optical annealing, blue line the first cycle was thermal annealing. The annealing process 
is used between the measurements is indicated as thermal T or optical L. 
Bandgap vs Refractive Index
2.30 2.35 2.40
2.28
2.30
2.32
2.34
-2
-1
0
1
2
Refractive Index
B
an
dg
ap
 (e
V
)
Thickness C
hange (%
)
Additional Processing
2.410 2.415 2.420 2.425 2.430 2.435
2.26
2.28
2.30
2.32
2.34
-2
-1
0
1
Refractive Index
B
an
dg
ap
 (e
V
)
Thickness C
hange (%
)
T
T
T
T
L
L
L
T
L
L
LT
 Duk-Yong Choi et al. /  Physics Procedia  48 ( 2013 )  196 – 205 201
From these data it was quite apparent that optically annealed samples could achieve index values very 
close to that of bulk As2S3  1 kJ/cm2. Because of the onset of 
roughening the temperature at which films required for waveguide fabrication had to be limited to 130 °C and 
after 24 hours of annealing at 130 °C the index remained significantly lower than the bulk glass. Whilst our 
data suggests that thermal annealing over several weeks at 130 °C could result in films with near bulk index, 
our experience is that films thermally annealed for such long periods will crack at least for wafer-sized 
samples. This may be due to two effects: the thermally annealed films shrink and which may increase internal 
stress. Secondly, differential thermal expansion between the substrate and the film may also increase the 
stresses during thermal annealing. The latter effect is absent during optical annealing where no cracking or 
deterioration of the films was detected after annealing with fluences sufficient to reach the bulk index, at least 
using green light.  
In this context it is worth noting that optically annealed films can degrade seriously at the fluences more 
than a few hundred J/cm2 if the illumination source is chosen inappropriately. This is particularly the case if 
short wavelength light is present. To illustrate this we illuminated samples with fluences up to about 2 kJ/cm2 
with green light between 500-570 nm; white light between 400-700 nm; and blue light between 400-520 nm. 
Although both blue and white light illumination resulted in an evolution of index with fluence similar to that 
shown in Fig. 1-(a), the films deteriorated seriously once exposed above a few tens of J/cm2 in spite of their 
protective coating. This is illustrated in fig. 4 that shows three dark field images of films irradiated by green, 
blue and white light at fluences of 1498 J/cm2, 1766 J/cm2 and 1997 J/cm2 respectively.  No sign of any 
deterioration is visible in the films irradiated with green light, whereas blue and white light irradiation causes 
gross break-up and crystallization of the films rendering them useless for waveguide fabrication. Hence we 
conclude that annealing with green light is the only choice for optical annealing of films required for 
waveguide fabrication. 
Fig. 4. Dark field images of films optically annealed films, using (a) green light with a fluence of 1498 J/cm2;  (b) blue light with a 
fluence of 1766 J/cm2; and (c) white light with a fluence of 1997 J/cm2. 
We investigated the influence of each annealing process on the variation of bond content via Raman 
scattering (Fig. 5). Compared with the bulk glass, an as-deposited film shows several sharp peaks; in 
particular peaks at 150  250 cm-1 are the fingerprint of molecular species, As4S4, or As-As homopolar bonds 
[Polák et al., 1999]. We can clearly see that both annealing methods diminish these peaks drastically. 
Considering the overall peak shape as well as the lower intensities of the molecular species, the film that has 
been optically annealed is much closer to that of the bulk glass. The heat-treated sample still retains the peak 
at 220 cm-1, which is assumed to come from As4S4 [Polák et al., 1999] that completely disappears in the 
optically-annealed sample. X-ray photo-electron spectroscopy also supported the effectiveness of photo-
annealing in transforming the virgin film towards the bulk. In a recent paper [Choi et al., 2010] the content of 
As-As bonds of thermally-annealed film was obtained as a function of annealing temperature through the 
decomposition of As 3d spectrum into two sub-peaks. Whilst most of As atoms bonded to three S positions at 
higher binding energy (BE), a fraction of As bonded to one As and two S appears at lower BE. From this we 
could deduce the content of As-As homo-polar bonds.  The same measurements on the optically-annealed 
(a) (b) (c) 
202   Duk-Yong Choi et al. /  Physics Procedia  48 ( 2013 )  196 – 205 
film showed that the fraction of arsenic atoms containing homopolar bond was much smaller than that in the 
film annealed at 130 °C (5 % versus 12 %).  
Similar trends were observed in the XRD study as well. The first-sharp diffraction peak (FSDP) was not 
only shifted to higher angles but also the intensity reduced with annealing. This implies the film becomes 
denser during annealing and its microstructure moved closer to that of a random glass network [Liu et al., 
2008]. The peak positions were 16.0, 17.1, 17.3, and 17.4° from the as-deposited, thermal-annealed, light-
annealed film, and bulk glass, respectively again indicating that the optically annealed film was the closest to 
bulk.  
Based on these differences we fabricated high index contrast waveguides from the 0.85 μm thick films that 
have been thermally annealed at 130 °C or optically annealed for 24 hours and compared their losses using 
cut-back measurements. 
 
 
Fig. 5. Raman spectra of as-deposited and annealed As2S3 films.  The bulk glass spectrum was inserted as a reference. 
3. Waveguide measurements 
For waveguide fabrication a 125 nm thick SU-8 layer, which provided a defect- and pinhole-free coating 
and is durable in alkaline solutions, was spun onto the wafer to prevent attack of the As2S3 surface by alkaline 
photoresist developer during subsequent photolithography [Choi et al, 2008 and 2008 and 2010]. In order to 
study the impact of the annealing procedure on the waveguide performance, we fabricated two sets of rib-type 
waveguides: one set from a film annealed at 130 °C for 24 hours, the other was optically-annealed with more 
than 500 J/cm2 fluences. After annealing a photoresist layer was spun on top of the SU-8/As2S3 film and 
exposed using a Karl Suss mask aligner followed by wet development. Rib waveguides were then etched 350 
nm deep into the As2S3 layer using an inductively coupled plasma reactive ion etcher (Plasmalab System 100, 
Oxford). The SU-8 and As2S3 films were etched in oxygen-based and CHF3 plasma, respectively. A 15 μm 
thick layer of inorganic polymer glass (RPO Pty Ltd, IPGTM) was spin-coated on top of the As2S3 waveguides 
 2 nm thick Al2O3 
conformal coating was deposited on the patterned wafer by atomic layer deposition (SavannahTM from 
Cambridge NanoTech systems) to promote the adhesion of the IPG cladding to SU-8 and As2S3 surfaces. We 
did not attempt to strip the remaining SU-8 layer from the top of the waveguide rib after processing since it is 
almost transparent at telecom wavelengths [Tung et al., 2005] and thin enough that it did not affect the 
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waveguide performance. Omission of this step also simplified the fabrication and reduced corresponding 
process related variability.  
The propagation loss of the waveguides was determined using the standard cutback method. A tunable 
laser source (JDS Uniphase SWS16101, 1510-1650 nm), a polarization controller, and an InGaAs power 
meter were used to measure the insertion loss of waveguides. Due to small waveguide cross section lens-
tipped fibers were used to couple laser light into and out of the waveguides. 
Atomic force microscopy (AFM) was used to measure the roughness of the flat etched surfaces and 
revealed that no variation was found in the morphology and roughness of etched surface between the samples 
(root-mean-square roughness, Rrms  1.5 nm). The inset in Fig. 6 shows the cross-sectional view of the 
waveguide. Even though photo-annealed film is expected to contain fewer wrong bonds or absorption centers, 
both 4 m wide guides had similar propagation loss (around 0.2 dB/cm), as shown in fig. 6 Mode calculation 
shows around 97 % light resided inside the core [Choi et al., 2010]; hence volume scattering or absorption by 
the material could be a significant attenuation mechanism in such a wide guide. The above results, however, 
indicate that the two different annealing processes resulted in similar losses at least in 4 m × 0.85 m 
waveguides. This suggests that the losses are dominated by losses at waveguide surfaces rather than the bulk 
material. This is consistent with measurements of the losses of As2S3 optical fiber where value of 0.57 dB/m 
was reported [Florea et al., 2006].  
Nevertheless optical annealing of the film appears to have several advantages over heat treatment. Firstly, 
the film has properties much closer to that of the bulk glass in terms of the microstructure, atomic bonds, and 
the index of refraction, thereby could be produced ultimately into lower-loss waveguides. Whilst high 
temperature annealing might bring about the similar results, annealing near Tg is not possible due to cracking 
and roughening of the film surface. Secondly, optical annealing minimizes the residual photosensitivity of 
As2S3 film so that the associated issues such as the grating formation in waveguide could be mitigated. 
Similarly to thermal treatment [Viens et al., 1999], the improved resistance to photo-oxidation of the film is 
another benefit of optical-annealing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Insertion losses of waveguides with their lengths when the guide width was 4 m.(Inset: Cross sectional view of As2S3 waveguide) 
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4. Conclusions   
In conclusion bandgap light illumination was employed to fabricate As2S3 thin films waveguides. 
Polymerization in the as-deposited film were the dominant homogenization mechanism in both processes, 
however, photo-processing converts the film microstructure more analogous to bulk glass. Photo-annealing is 
superior to thermal process in As2S3 waveguides fabrication whist its mechanism is not yet fully understood. 
Around 1 % shrinkage in the film thickness occurred as a result of either thermal; or optical annealing but this 
amount of densification cannot fully account for the observed increase in refractive index. The additional rise 
in index can be understood in terms of annealing-induced changes in the chemical bonds. That is annealing 
causes and increase in the number of heteropolar bonds at the expense of homopolar bonds which are present 
in the As4S4 phase and glass network in the as-deposited film and this can increase the effective polarizability 
of the material [Márquez et al., 2001]. 
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